Objectives-Proprotein convertase subtilisin kexin type 9 (PCSK9) is a natural inhibitor of the low-density lipoprotein receptor, and its deficiency in humans results in low plasma LDL-cholesterol and protection against cardiovascular disease. We explored whether PCSK9 expression impacts postprandial triglyceridemia, another important cardiovascular risk factor. Methods and Results-Real-time PCR and confocal microscopy were used to show that PCSK9 is expressed throughout the entire small intestine and in human enterocytes. On olive oil gavage, PCSK9-deficient mice showed a dramatically decreased postprandial triglyceridemia compared with their wild-type littermates. Lymph analysis revealed that intestinal TG output is not quantitatively modified by PCSK9 deletion. However, PCSK9 Ϫ/Ϫ mice present with a significant reduction of lymphatic apoB secretion compared to PCSK9 ϩ/ϩ mice. Modulating PCSK9 expression in polarized CaCo-2 cells confirmed the relationship between PCSK9 and apoB secretion; PCSK9 Ϫ/Ϫ mice consistently secrete larger TG-rich lipoprotein than wild-type littermates. Finally, kinetic studies showed that PCSK9-deficient mice have an increased ability to clear chylomicrons compared to wild-type littermates.
G ain-of-function mutations affecting proprotein convertase subtilisin/kexin type 9 (PCSK9) are associated with autosomal dominant hypercholesterolemia and premature atherosclerosis. 1 It is now established that PCSK9 is a natural inhibitor of the low-density lipoprotein receptor (LDLr), acting posttranscriptionally. 2 Circulating PCSK9 binds to the EGF-A extracellular domain of the hepatic LDLr and prevents its recycling to the cell surface. 3 A breakthrough study reported that blacks harboring PCSK9 loss-of-function mutations had an 88% risk reduction for coronary heart disease. 4 Although the lower concentrations of LDL cholesterol over one's lifetime is suggested to be the main reason for this very high level of protection, we hypothesized that PCSK9 deficiency might also affect other risk factors. Low levels of HDL cholesterol (HDL-c) and elevated nonfasted triglycerides (TG) levels are associated with increased risk for cardiovascular disease. No association between PCSK9 loss-of-function mutations and plasma HDL-c levels has been noticed. 4, 5 However, to our knowledge, nonfasting plasma TG were not measured in PCSK9deficient individuals. They are an important contributor to the risk for cardiovascular disease. 6, 7 Rashid et al reported the phenotype of PCSK9-deficient mice (PCSK9 Ϫ/Ϫ ) mice and observed that they exhibit lower plasma cholesterol levels (Ϫ50%) and are hypersensitive to statins. 8 The potential role of PCSK9 in the intestine in mice and humans remains unexplored.
During the postprandial period, dietary lipids are actively absorbed into the enterocyte. After intracellular reesterification, long chain fatty acids and cholesterol esters are associated with phospholipids and apolipoproteins, particularly apoB48, to produce TG-rich lipoproteins, mainly chylomicrons. 9 Chylomicrons are secreted into the mesenteric lymph to eventually deliver lipids to the peripheral tissues and organs. 9 It is believed that the number of chylomicrons does not change during the postprandial phase, but their size increases because of their TG enrichment. 10 Because a single copy of apoB48 is present per chylomicron, 11 the intestinal output of apoB remains constant during the absorptive process. ApoB48 is the preferred protein for the intestine to coat chylomicrons in mice. 12 Chylomicron remnants are cleared from the blood by the LDLr and the LDLr-related protein (LRP). 13 PCSK9-deficient mice display an increase in hepatic LDLr protein, but not in LRP. 8 Our aim was to determine PCSK9 localization in murine and human intestines and to determine its role in postprandial lipemia. The main outcome is that PCSK9 deficiency results in dramatically less plasma TG accumulation in 14 hourfasted mice, challenged with an olive oil gavage, because of increased hepatic clearance of larger chylomicrons.
Methods
An expanded Methods section can be found in the supplemental materials (available online at http://atvb.ahajournals.org).
Human Tissues
The human tissue fragments were processed according to the French Guidelines for Research on Human Tissues. 14 Informed patient consent was obtained, according to the French bioethics law. 15 A detailed protocol and information concerning patients are available in the supplemental materials.
Animals
PCSK9 ϩ/Ϫ mice were purchased from Jackson Laboratories (Bar Harbor, Me), interbred to produce PCSK9 Ϫ/Ϫ and PCSK9 ϩ/ϩ (wild-type [wt]) littermates, and genotyped as described elsewhere. 8 Mice had free access to food and water under a 12-hour light/12-hour dark cycle in a temperature-controlled environment. All animal studies were conducted with age-matched male mice (2-month-old), and approved by the Unité de Thérapeutique Expérimentale (Agreement No. BP44015). Before surgery, mice were anesthetized with a single intraperitoneal injection of 100 L of ketamin/ivermectine (Imalgène 1000, Merial).
Statistics
Each experiment was representative of at least 2 independent experiments with a minimum of triplicates per condition. Values are reported as meansϮSEM. Statistical significance was analyzed using a Student unpaired t test. Values of PϽ0.05 were considered as significant.
Results

PCSK9 Is Expressed in the Small Intestine of Mice and Humans
Using real-time quantitative PCR, we first examined PCSK9 and the LDLr mRNA quantities along the gastrointestinal tract in mice ( Figure 1A ). PCSK9 expression in the stomach was virtually undetectable. However, PCSK9 was expressed throughout the small intestine and colon, at a level which did not vary significantly along the intestinal cephalo-caudal axis, and which was similar to that in the liver ( Figure 1A ). As previously published, 17 the LDLr was abundantly expressed along the digestive tract.
Using confocal microscopy, we determined for the first time the localization of PCSK9 protein in frozen sections of normal, human, small intestines. PCSK9 was expressed almost exclusively in the epithelial barrier of the human duodenum and ileum, both in enterocytes and goblet cells ( Figure 1B) . PCSK9 immunostaining was observed in the cytoplasm of epithelial cells and accumulated at the apical and basolateral sides of the cells ( Figure 1B ). Blocking of the PCSK9 antibody with an excess of antigen peptide abolished the staining ( Figure 1B , upper panel, right), confirming the specificity of the antibody. We also examined the localization of PCSK9 in the human colonic, enterocyte-like cell line, CaCo-2, maintained as polarized by culturing on filters. As shown in Figure 1B 
PCSK9 Is Upregulated by Pravastatin in CaCo-2 Cells and the LDLr Expression Is Increased in Intestines of PCSK9 ؊/؊ Mice
We next examined whether PCSK9 is upregulated by statins in CaCo-2 cells as it has been reported in hepatocytes 18, 19 (supplemental Figure IA ). We exposed the cells for 48 hours to 10 mol/L pravastatin and observed a 160% increase in PCSK9 mRNA, and a 110% increase in LDLr mRNA (supplemental Figure IA) . We next confirmed that the LDLr content is increased in the liver of PCSK9 Ϫ/Ϫ mice compared to wt littermates, and observed a similar phenotype in the medial intestine (ϩ621%, PϽ0.05; supplemental Figure IB ).
PCSK9 Deficiency Protects Mice Against Postprandial Lipemia
Random-fed PCSK9 Ϫ/Ϫ mice had lower total cholesterol than wt littermates (Ϫ35% in 3-month-old mice, PϽ0.001), and similar plasma TG concentrations (supplemental Figure IIA) . Plasma TG levels were measured over a 4-hour period in 14 hour-fasted mice after they received an intragastric bolus of olive oil (200 L; Figure 2 ). At T0, plasma levels of TG were comparable between PCSK9 ϩ/ϩ and PCSK9 Ϫ/Ϫ mice. Two hours after gavage, PCSK9 ϩ/ϩ mice showed a 209% increase in plasma TG, whereas PCSK9 Ϫ/Ϫ littermates displayed a 
Gastric Emptying, Intestinal Transit, and Fat Absorption After Oral Oil Challenge
The defect in postprandial lipemia observed in PCSK9 Ϫ/Ϫ mice could be attributable to (1) decreased intestinal lipid absorption, or chylomicron production, or (2) accelerated lipolysis or clearance of TG-rich lipoproteins. We first measured the radioactivity content of intestinal segments of PCSK9 ϩ/ϩ and PCSK9 Ϫ/Ϫ littermates 2 hours after a gavage with olive oil containing 3 H-triolein ( Figure 3A ). Triolein is a triglyceride and unsaturated fat formed from oleic acid, the main constituent of olive oil. This method reflects (1) the enterocytic uptake of 3 H-oleate, (2) the intracellular non esterified or reesterified 3 H-oleate, (3) the reuptake of radiolabeled nascent particles. PCSK9 Ϫ/Ϫ mice had a tendency to accumulate less 3 H in the proximal and medial part of their intestine compared to wt mice, suggesting that lipid uptake could be defective in these segments. To determine intestinal fat absorption, we measured food intake and collected feces every 24 hours for 3 consecutive days. Food intake, weight of excreted feces, and fecal fat excretion were not significantly different between mice (supplemental Table II ). PCSK9 ϩ/ϩ and PCSK9 Ϫ/Ϫ mice absorb fat with the same efficiency ( Figure 3B ) demonstrating that reduced lipemia in PCSK9 Ϫ/Ϫ mice is not attributable to fat malabsorption. As a control, PCSK9 ϩ/ϩ mice fed with orlistat, an inhibitor of pancreatic lipases, showed a 45% decrease in total fat absorption compared to PCSK9 ϩ/ϩ mice under normal chow ( Figure 3B ).
Altered postprandial lipemia could also be attributable to gastric emptying or intestinal motility defect. We performed an oral gavage with a nonabsorbable 70-KDa FITC conjugated dextran marker diluted in olive oil. After 30 minutes, about 10% of the marker was still present in the stomach of PCSK9 ϩ/ϩ and PCSK9 Ϫ/Ϫ mice ( Figure  3C ), demonstrating that PCSK9 deficiency does not alter gastric emptying. Intestinal transit was also similar in both genotypes ( Figure 3C) .
Thus, although there was a trend toward less accumulation of 3 H-triolein in the proximal and medial intestine of PCSK9 Ϫ/Ϫ mice after an olive oil gavage, they do not show a defect in fat absorption, gastric emptying or intestinal transit.
Chylomicron Secretion in PCSK9 ؊/؊ Mice
To directly explore the impact of PCSK9 deficiency on chylomicron output, we cannulated the lymph ducts from 2 hour-fasted PCSK9 ϩ/ϩ and PCSK9 Ϫ/Ϫ littermates. After establishing a 30-minute baseline collection, we injected a bolus of olive oil in their duodenums, and collected the lymph at timed intervals for 210 minutes ( Figure 4A ). Lymph flow was reduced by 20% in knockout mice (0.59 L/min versus 0.47 L/min, PϽ0.05). No difference in cumulative TG contents was observed in the first 1.5 hour. In a second phase, the accumulation tended to be reduced in PCSK9 Ϫ/Ϫ mice, although it did not reach significance ( Figure 4A ).
Lymph samples collected at various times after olive oil injection were pooled, and equal amounts were loaded on a gel for separation of the proteins by electrophoresis ( Figure  4B ). As expected, the quantity of apoB was relatively constant during the absorption process within each genotype, and apoB48 was more abundant than apoB100. 10 However, apoB100 and apoB48 contents were significantly lower in lymph from PCSK9 Ϫ/Ϫ mice (Ϫ39%, PϽ0.05 and Ϫ40%, PϽ0.01), suggesting that PCSK9 deficiency results in less chylomicrons being secreted. The positive relation between PCSK9 expression and the apoB output was confirmed in CaCo-2 cells (supplemental Figure III and supplemental Methods and Results). We also determined the content of the other apolipoprotein by electrophoresis. No striking difference between genotypes was observed. There was a tendency toward an accumulation of apoE in lymph from PCSK9 Ϫ/Ϫ mice ( Figure 4C ).
As lymphatic TG output was unchanged and lymphatic apoB secretion was decreased, it suggests that PCSK9 Ϫ/Ϫ mice might secrete larger chylomicrons than wt littermates. Using dynamic light scattering techniques, we showed that chylomicron diameters from PCSK9 Ϫ/Ϫ mice were increased by 10% compared to wt littermates ( Figure 4D ). Assuming that they are spherical particles, PCSK9 Ϫ/Ϫ mice secrete chylomicrons with a volume at least 25% larger than PCSK9 ϩ/ϩ mice ( Figure 4D ).
Chylomicron Catabolism in PCSK9 ؉/؉ and PCSK9 ؊/؊ Mice
We next measured the hepatic TG content after olive oil gavage. There was no change in hepatic TG contents in fed PCSK9 ϩ/ϩ and PCSK9 Ϫ/Ϫ mice ( Figure 5A ). Fasting in- duced an accumulation of TG by 100% in both genotypes (PϽ0.01). Two hours after olive oil gavage, hepatic TG contents were similar to those of PCSK9 ϩ/ϩ mice in the fed state, but remained elevated in PCSK9 Ϫ/Ϫ mice. Consequently, there was 54% more TG in livers of knockout mice after gavage (PϽ0.05), suggesting that TG originated from olive oil fatty acids. To confirm this, 3 H-triolein diluted in olive oil was orally administered to fasted mice, and 2 hours later the amount of hepatic radioactivity was measured. PCSK9 Ϫ/Ϫ mice exhibited almost 200% more radioactivity than wt littermates showing that the hepatic uptake of chylomicrons was increased in these mice (supplemental Figure IV) . We verified whether the clearance of chylomicrons is enhanced in knockout mice ( Figure 5B ). Chylomicrons obtained by mesenteric lymph duct cannulation of wt and knockout mice (chylo ϩ/ϩ and chylo Ϫ/Ϫ ) were labeled with 125 I and injected into the circulatory systems of mice from both genotypes. To mimic the postprandial status, we injected chylo ϩ/ϩ in PCSK9 ϩ/ϩ mice and chylo Ϫ/Ϫ in PCSK9 Ϫ/Ϫ mice. Consistent with the phenotype observed in Figure  2 , PCSK9 Ϫ/Ϫ mice cleared chylo Ϫ/Ϫ 37% faster than PCSK9 ϩ/ϩ cleared chylo ϩ/ϩ (PϽ0.05). We also performed the experiment crossing the donors and receivers. PCSK9 Ϫ/Ϫ mice cleared chylo Ϫ/Ϫ 21% faster than PCSK9 ϩ/ϩ mice did (PϽ0.01). These results reflect probably the higher hepatic LDLr content observed in PCSK9 Ϫ/Ϫ mice (supplemental Figure IB) . Surprisingly, we observed (1) no difference in chylo ϩ/ϩ clearance rates between the genotypes; and (2) PCSK9 Ϫ/Ϫ mice cleared chylo Ϫ/Ϫ 56% more efficiently than chylo ϩ/ϩ (PϽ0.001).
Taken together, these data showed that the reduced postprandial lipemia in PCSK9 Ϫ/Ϫ mice is caused in part by increased hepatic uptake.
Discussion
This study shows that PCSK9 is highly expressed in enterocytes and plays a critical role in postprandial lipemia in mice. We first determined the expression of PCSK9 in the gastrointestinal tract. We showed that in mice PCSK9 is expressed throughout the digestive tract and colon at levels equivalent to those found in the liver. In the human intestine, PCSK9 is localized in the cytoplasm probably in the endoplasmic reticulum and the golgi, and it accumulates at the subapical and basolateral compartments of the enterocyte. The heterogeneity of this cellular distribution depending on the intestinal segment considered is puzzling. PCSK9 is expressed at both the apical and basolateral pole in the duodenum, and mainly at the apical pole in the ileum. It is possible that PCSK9 is directed toward both poles of the enterocyte in the upper part of the small intestine, in relation with the absorptive process and the lipoprotein secretion, and only to the apical side in the ileum that secretes less lipoproteins. It appears that CaCo-2 cells would be more representative of an ileal enterocyte, in respect to PCSK9 cellular expression. Indeed, in differentiated CaCo-2 cells, most of the signal was concentrated at the apical side. We observed high levels of expression in the ileum where the bile acid reuptake takes place. Since we recently showed that bile acids repress PCSK9, 20 it is tempting to speculate that PCSK9 might play a role in their metabolism. We also observed some PCSK9 protein in goblet cells, although its function in this cell type remains unknown.
PCSK9-deficient mice clearly exhibited reduced postprandial lipemia after olive oil gavage. A balance study showed that intestinal fat absorption was not significantly different between genotypes, and that PCSK9 deficiency does not alter the gastric emptying and intestinal transit. We have no clear explanation concerning the trend toward a decrease of accumulation of 3 H-triolein in the proximal and medial segments of PCSK9 Ϫ/Ϫ mice. It could explain the weak trend observed during lymph cannulation, with PCSK9 Ϫ/Ϫ mice secreting less TG. Thus, it might reflect some aspects of PCSK9 function in the intestine, in relation or not with the strong phenotype observed concerning the intestinal apoB secretion and postprandial lipemia in PCSK9 Ϫ/Ϫ mice. We investigated whether this phenotype could be attribtuable to chylomicron production or catabolism. We directly collected the mesenteric lymph after olive oil gavage. TG outputs in lymph were virtually similar in both genotypes. We observed a 20% reduction of lymph flow in PCSK9 Ϫ/Ϫ mice. There is a large number of plausible causes for lymph flow reduction, 21 and more work is needed to determine which one is responsible for this phenotype. Direct measurement on lymph samples 
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collected in mice after oil gavage revealed that PCSK9 Ϫ/Ϫ mice secreted less apoB than wt littermates did. The reduction in lymph flow could not account for this, as it was estimated with equal amounts of lymph from both genotypes. Experiments in differentiated CaCo-2 cells confirmed that PCSK9 deficiency results in a decrease in apoB secretion. Interestingly, Rashid et al showed that primary hepatocytes from PCSK9 Ϫ/Ϫ mice exhibit reduced apoB48 secretion. 8 However, on a high-fat diet, transient PCSK9 knockdown in mice led to a decrease in serum apoB100 content and an increase in apoB48 content, probably because of the upregulation of apobec1. 22 Apobec 1 is the enzyme responsible for the production of apoB48 in human intestine and is also expressed in rodent liver. 23 We did not observe a change in the ratio of apoB48 to apoB100 in lymph samples of PCSK9 Ϫ/Ϫ and PCSK9 ϩ/ϩ mice, suggesting that apobec1 is not involved in the differences we observed. The lower lymphatic apoB output in PCSK9 Ϫ/Ϫ mice indicates that they secrete less chylomicrons. A direct measurement of their size showed an average diameter 10% larger than that found in wild-type littermates. The corresponding 25% increase in volume could compensate for the lower number of particles and results in the absence of a significant difference concerning the resulting TG output. Another plausible explanation is the higher expression of LDLr we observed in the intestine of PCSK9 Ϫ/Ϫ mice. In humans and rodents, LDLr is present at the basolateral side of enterocytes, and is able to efficiently capture LDL particles. 17 However, the functional importance of the LDLr in the intestine is unclear. In the liver, Twisk et al showed that the LDLr controls apoB secretion by promoting the reuptake of newly synthetized apoB containing lipoprotein particles. 24 We can speculate that intestinal TGrich lipoproteins are more avidly recaptured in PCSK9 Ϫ/Ϫ mice than in wt mice leading to the secretion of larger particles. Consistent with our results, LDLr-deficient mice present with increased postprandial lipemia after oil gavage compared to wt mice. 25 Furthermore, kinetic studies suggested that patients with familial hypercholesterolemia are characterized by an increased intestinal chylomicron production. 26 Our experiments also indicated a contribution from the liver to the reduced postprandial lipemia observed in PCSK9 Ϫ/Ϫ mice. It is believed that chylomicron remnant clearance in mice is accountable for 75% of the LDLr, mainly in an apoE-dependent fashion. 25 Thus, it makes sense that PCSK9 Ϫ/Ϫ mice that exhibit more LDLr clear their own remnants faster than wt mice. However, a hypothesis entirely based on an LDLr-dependent pathway is unsatisfactory given the fact that PCSK9 Ϫ/Ϫ mice do not clear chylomicrons from wt mice significantly faster than control mice. It seems that there is a combination of specificities attributable to both the lack of hepatic PCSK9 and the nature of PCSK9 Ϫ/Ϫ chylomicrons. We were unable to detect any difference between genotypes in chylomicron lipoprotein contents. They differed only by their larger size, together with a trend to a higher TG to PL ratio, suggesting that other factors may be at play. Future work will determine whether wt chylomicrons actually contain some PCSK9 protein that could interact with their clearance.
To summarize, we believe that the dramatic reduction of postprandial lipemia we observed in PCSK9 Ϫ/Ϫ mice results from the combination of various effects, including the intestinal secretion of larger chylomicrons, and their higher hepatic clearance rate. We can only speculate that the intestinal LDLr plays a role in the reuptake of nascent particles. It is tempting to postulate that a specific intestinal target of PCSK9 that is still to be discovered is involved. All together these results make postprandial kinetic investigations in human with partial or complete loss of PCSK9 highly desirable. We propose that PCSK9 inhibitors would help manage LDL cholesterol and also postprandial triglyceridemia, 2 important risk factors of cardiovascular disease. 
